A systematic study of the synthesis and characterization of pristine ceria and of mixed cerium/metal oxides has been undertaken. Various synthetic routes were explored, with the crystallization process being examined via thermal analysis, XRD and electron microscopy. It was shown that even when multiple phases were generated upon heat treatment, mixed phases were also generated. However, the presence of organic molecules during the syntheses, as matrices, solvents or precipitating bases, had a profound effect upon the surface texture of the samples prepared.
INTRODUCTION
Cerium oxide is an important material that has been attracting a great deal of interest due to its important properties and applications in various fields including solid oxide fuel cell applications (Sahibzada et al. 1997) , as a component of the three-way automobile exhaust catalyst (Kašpar et al. 1999 ) and in fluid catalytic cracking (Trovarelli et al. 1999) . Ceria exhibits an oxygenstorage capacity associated with its ability to undergo a facile conversion between the Ce(IV) and Ce(III) states, which is one of its more interesting properties (Trovarelli 2002) . Recently, several synthetic procedures have been developed to produce nanocrystalline CeO 2 , including thermal hydrolysis (Zhang et al. 2004a ), precipitation (Trovarelli et al. 1999 , the sol-gel method (Wang and Lin 2004) , micro-emulsion techniques (He et al. 2003) and thermal decomposition (Kammrudin et al. 2004) .
At the University of Cyprus during the past few years, we have carried out a systematic study of the synthesis and characterization of mixed cerium/metal oxides with the aim of controlling their pore properties and surface chemistry. The strategies used include the insertion of controlled amounts of hetero-atoms (e.g. Mn III/IV , V, Cu and Fe as presented in this paper), the use of matrices and specifically CTAB and humic acid, as well as the use of organic solvents (methanol, ethanol, propanol and butanol) and organic bases (aniline and piperazine). In the present paper, the crystallization process occurring during heat treatment, as studied by the use of thermal methods (TGA/DSC), XRD and scanning electron microscopy (SEM), is discussed. The aim of the work was to study the effect of the detailed synthesis methodology on the crystallization process and on the adsorptive, catalytic and other properties of the samples under investigation.
EXPERIMENTAL

Sample synthesis
The ceria samples discussed in this paper were prepared in one of three ways, as follows: Route A -controlled alkaline precipitation from an aqueous solution or a mixed solvent system, viz. CH 3 OH/H 2 O, CH 3 CH 2 OH/H 2 O, CH 3 CH 2 CH 2 OH/H 2 O or CH 3 CH 2 CH 2 CH 2 OH/H 2 O in varying proportions employing from 0% to 100% alcohol. Depending on the sample to be prepared, the appropriate amount of precursor salt solution was added to an equal amount of 1 M NH 4 OH solution. Samples prepared by this route include pure ceria, Mn III/IV -containing mixed oxides covering the whole concentration range from 0% to 100% Mn and ternary mixed oxides with the compositions V 6 and methanolic aniline at room temperature. The gelatinous precipitate formed after some time was allowed to age for 24 h. The resulting solid was dried for 24 h at 100 o C and subsequently calcined for 2 h at 400 o C. Other similar syntheses were carried out employing ethanol as the solvent. Route C -Ceria was prepared via a sol-gel procedure. Thus, an aqueous cerium(IV) ammonium nitrate solution containing CTAB and a methanolic aniline solution were mixed in equal amounts. Different concentrations of CTAB (9 × 10 -4 , 5 × 10 -3 , 6.6 × 10 -3 , 8 × 10 -3 or 0.01 mol/ᐉ, respectively) and aniline (1 or 2 mol/ᐉ) were used, while the concentration of the cerium salt was maintained constant (0.01 M). The resulting gelatinous precipitate was allowed to age for different lengths of time in the reaction liquor. The reaction was undertaken at room temperature, 0 o C, 50 o C or 70 o C for 2 h or 24 h. At the end of the ageing period, the resulting samples were removed by centrifugation, dried at 100 o C for 24 h and calcined for 2 h in air at 400 o C.
Sample characterization
X-Ray powder diffraction studies
The samples were characterized by powder X-ray diffraction using a Shimadzu XRD-6000 instrument employing Cu Kα radiation. The data were collected over the 2θ range of 10-80 o at a scan rate of 2 o /min. The average crystallite size of all the samples was estimated from the Scherrer equation using the strongest peak in the spectrum.
Nitrogen adsorption/desorption isotherms
Isothermal N 2 adsorption/desorption isotherms were obtained employing a Micromeritics ASAP 2010 system. Before measuring the respective nitrogen adsorption isotherms at -196 o C, the samples studied were degassed at 110 o C for 24 h under vacuum. The pore-size distributions of the samples were estimated from the isotherms using both the BJH and DFT methods.
Thermal analysis
TGA profiles were taken on a Shimadzu TG-50 thermogravimetric analyzer employing a temperature ramp rate of 10 o C/min with scans from 30 o C to 800 o C and experiments carried out under an oxygen or nitrogen atmosphere. DSC experiments were carried out employing a TA instrument Universal Analysis 2010 (DSCQ100) differential scanning calorimeter. For DSC measurements, ca. 5-10 mg of sample powder was loaded onto an aluminium sample pan fitted with a cover. Similarly, for TGA profiles, ca. 20 mg of sample was loaded into a platinum holder. Nitrogen was used as the carrier gas for DSC measurements at a flow rate of ca. 50 mᐉ/min.
FT-IR studies
Fourier-transform infrared (FT-IR) spectra were measured on a Shimadzu FT-8900 instrument employing a KBr beam splitter.
Scanning electron microscopy (SEM)/energy dispersive spectrometry (EDS)
Sample morphology was studied by scanning electron microscopy (SEM) employing a JEOL JSM-5600 instrument. The chemical compositions of the samples were determined by energy dispersive X-ray analysis on an Oxford Instruments Link ISIS 300 spectrometer.
RESULTS AND DISCUSSION
DSC analysis was employed to study the thermal behaviour of the samples. Figure 1(a) shows the DSC curves for samples prepared using ([Ce]/[CTAB] = 1.2)/2 mol/ᐉ aniline at room temperature, at 50 o C for 2 h and at 70 o C for 2 h. Two peaks may be observed in the spectrum of the sample prepared at room temperature. The first peak at 100 o C is endothermic and is related to the evaporation of water. The second peak at 250 o C is exothermic and is related to the combustion of organic residuals and to the crystallization process. On increasing the synthesis temperature to higher values, a second exothermic peak may be observed at ca. 180-200 o C. The same peak is also present in the DSC curve of the sample prepared without CTAB [ Figure 1(b) ]. This peak is related to the combustion of aniline molecules trapped inside the pores of the sample. The sharp exothermic peak observed at ca. 250 o C corresponds to the breakage of Ce-OH bonds, the elimination of water molecules and the creation of new Ce-O-Ce bonds and thus the generation of a greater number of more crystalline particles. It is apparent from Figure 1 that the use of CTAB or a change in the synthesis temperature led to a shift of this peak, suggesting that interaction between CTAB or aniline molecules and the growing Ce-O(H) lattice in solution during synthesis affects the texture of the resulting crystallites and the nature of the surface groups. Furthermore, it appears that the reaction temperature influenced the interaction with aniline. The fact that the nitrogen adsorption isotherms of uncalcined samples indicated that these had extremely low specific surface areas which only developed after calcination, strongly suggests that both CTAB and aniline act as matrices. Figure 2 (a) shows the nitrogen adsorption isotherms obtained for samples prepared using CTAB and aniline as base in different proportions while Figure 2(b) shows, for comparative purposes, that obtained for a sample prepared in the presence of aniline only. It is apparent that the use of a matrix such as CTAB led to a more well-defined pore system. It is also apparent that the synthesis temperature influenced both the apparent surface area and pore volume, as discussed above. Figure 1 suggests that the inclusion of heteroatoms leads to more complex processes as might be expected. For the vanadium-containing system discussed here, comparison of the XRD curves for these samples indicates that, after drying at 100 o C, all the samples were largely amorphous, with only the ceria fluorite-like phase being evident. However, calcination at 400 o C led to the appearance of crystalline phases. When the vanadium content of the samples was less than 30%, the only crystalline phase present was that of ceria; however for vanadium contents Figure 3 , it is clear that these phases were formed at a temperature of 340 o C, with the intensities of the peaks attributed to CeVO 4 increasing with the calcination temperature. It should be noted that for the copper-containing samples, the simultaneous generation of the CuO phase was possible when the concentration of copper ions in the sample exceeded 15%. The formation of the CeVO 4 phase indicates that a reaction such as:
may occur during calcination, and therefore suggests the proximity of these ions in the pre-calcination solid (Matta et al. 2002; Cousin et al. 2007; Reddy et al. 2004 ).
The endothermic peak at 330-340 o C in the DSC curve is presumably linked with the removal of ammonia to yield V 2 O 5 , whereas the peak appearing at 400-430 o C for samples containing 35% or more vanadium has been attributed to ammonia decomposition over the V 2 O 5 particles. The TGA curves in Figure 3 suggest that the weight loss occurred in two distinct steps, the one at temperatures below 160 o C corresponding to the removal of molecular water while the second at 240-300 o C -which corresponds to that described above -may be attributed to dehydroxylation.
We have examined the whole concentration range for the series Ce x Mn y O 2 and have determined that a single ceria-like phase is formed for manganese concentrations up to 30% (Christophidou and Theocharis 2002) . A separate manganese phase was formed at manganese contents greater than 30%. XRD studies indicated that Mn 3 O 4 was formed under the conditions employed in the present study (calcination at 400 o C). Given that the precursor used was in the Mn(II) state, it is possible that oxidation occurred during synthesis and calcination. Literature reports (Zhang et al. 2004b ) confirm the peak assignment in the XRD trace. Figure 4 depicts the thermogravimetric trace for the Mn 0.9 Ce 0.1 O 2 sample. An increase in weight is observed at 477 o C with an endothermic event being recorded at the same temperature by DSC methods, as also shown in Figure 4 . This may be attributed to a change of the oxidation state to 3.2, as indicated in the literature. Literature reports also suggest that the changes in the oxidation states of manganese observed in the present work occur at different temperatures. It is suggested that this difference in temperature may be due to the presence of some cerium ions in the manganese phase, and vice versa. This is also suggested by the slight shifts observed in the XRD traces. A statistical (chemometric) analysis of 86 ceria and mixed metal/cerium oxide samples prepared by the various techniques described above, but excluding the use of CTAB or humic acid, was carried out via principal component analysis (PCA). PCA classifies samples in categories according to so-called principal components (Kokkinofta et al. 2003) on the basis of the system properties assigned by the user. Such chemometric methods were employed as an additional means of comparing the samples under investigation and as a means of extracting inferences as to the relative impact of the synthetic and crystallization regimes employed. In the present case, the principal components used were the values of the specific surface areas, pore volumes and pore diameters for each sample. The technique assigns weights to each principal component and examines the similarity of samples based on their assigned PCA score, thus clustering the samples in various categories shown in a so-called scatter plot. In such a plot, the proximity of two or more samples implies similarities between them, whereas the clustering of several samples -especially if these are well separated from the others (for example, the highlighted cluster in Figure 5 ) -can be interpreted as meaning that they form a distinct group with distinguishing characteristics. The user may pre-assign each sample to a group, with the analysis in that case indicating whether that assignment is supported by the analysis or not. In the present case, the samples were not pre-assigned to groups. Figure 5 shows the scatter plot for the 86 ceria samples studied. The most striking feature is the clustering together of a large number of samples (depicted in the figure as being within the ellipse). These turned out to be those samples which had been prepared in the presence of solvent. This would suggest that the presence of solvent has a significant effect on the surface structure of the samples. Figure 6 shows the DSC and TGA plots for ceria samples prepared at 50 o C in the presence of mixed solvents, viz. 10% methanol, 10% propanol and 10% butanol with water. The shape of the peak at ca. 250 o C -previously attributed to dehydroxylation accompanying crystallization of the crystalline phases -in conjunction with the different temperatures observed for different solvents, suggests that an adduct is formed between the growing Ce .... O(H) .... Ce chains in solution and the solvent molecules. This is likely because of the ability of alcohol molecules to form hydrogen bonds. However, whereas water molecules can form two hydrogen bonds, alcohol molecules can only form one. This may therefore limit particle growth and thus have an impact on the surface texture, as well as influence the surface charge and surface groups of the growing crystallites. 3   12   12  12  12 12  12  12  12  12 12  12  11  11   11   11  11  11 11 11 11 11 11 10 10 10 10 10 10 10 10 10 10 10 9 9 9 9 9 9 9 9 99 
